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ABSTRACT

AMPLIFICATION OF SOUND BY GAS-PHASE REACTIONS

DETSCH, RICHARD MARK. B.S., Pennsylvania State University, 1977. M.S.,
Western Kentucky University, 1979. Ph.D., University of Mississippi,
1983. Dissertation directed by Professor Henry E. Bass.

A four year study of sound propagation in chemically reacting mixtures

has led to experimental observation of sound amplification. Photo-

initiated C12-H2-inert gas reactions provided the energy for the amplifica-

tion observed. Amplification experiments were conducted in two modes which

we termed pulsed and cw. For the pulsed experiments, high intensity UV-

flash lamps dissociated molecular chlorine at the start of the experiments

and the C12-H2-Ar reactions quickly went to completion; amplification was

observed for about 6 msec. The measured gain was 1.8 at 2 kHz compared to

a gain of 4 predicted by theory. The source of this difference has not

been resolved completely.

In cv experiments, low intensity UV-fluorescent lamps dissociated

molecular chlorine continuously during the experiments, this extended the

time over which amplification was observed to about 800 msec. Experiments

were conducted for three C12-H2-SF6 mixtures and four frequencies, 1.0,

2.5, 4.0, and 6.5 kHz. Computer calculations correctly predicted the

frequency dependence of amplification and gave amplification values which

were in fair agreement with observation.
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3 Attenuation measurements were conducted for several Cla-SF6 and H2-

SF6 mixtures. These data were used to calculate vibrational relaxation

times for SFe in collisions with Cl2, H2, and SF6 molecules. The vibra-

tional, relaxation times were used to predict vibrational relaxation atten-

uation in C12-H2-SF6 mixtures used in cw amplification experiments.

.1
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CHAPTER 1

INTRODUCTION

The interaction between nonequilibrium chemical reactions and sound

waves propagating in the reacting mixture affect a variety of observable

phenomena, e.g. combustion instability in jet and rocket engines, struc-

ture of detonation waves, and turbulence in reacting flows. Studies which

isolate the effects of the interaction are quite limited. There is reason

to believe1 that this interaction might lead to several new phenomena or

explanations of unexplained observations. Among these are acoustic stimu-

lation of chemical oscillations and chemical instability, amplification

of sound, changes in sound speed and frequency during the course of the

reaction, and sound induced changes in reaction rates. In this disserta-

tion, amplification of sound will be of primary interest. While some phe-

nomena may be observable at near equilibrium conditions - 4, extreme non-

equilibrium conditions are required for measurable sound amplification1 .

There have been a number of theoretical studies of scund amplification in

irreversibly reacting mediumss- 1'. Experimental verification of this

phenomenon, however, is limited6 . Related mechanisms for producing sound

amplification in a gas include ionization of a gas'4 , pressure dependence

of infrared absorption'5 , and selective excitation of internal modes1 6.

Experimental verification of these mechanisms is also limited.

Devices which amplify sound directly will be refered to in the fol-

lowing as SACERS (Sound Amplification by Controlled Excitation Reactions).;r1
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The purpose of this investigation was to observe sound amplification in a

chemically reacting gas mixture (a chemical SACER). The H2-Cl2-buffer

gas photoinduced chemical reaction was chosen for several reasons: the

gases could be mixed without reacting and then UV-irradiated to initiate

the reactions at a controlled time; most of the reaction rates, activa-

tion energies, etc. were known; and several theoretical studies had been

done on this reaction scheme - 8 . Acoustic frequencies in the range of

1-10kHz were chosen because lower frequencies, having periods longer than

the relaxation times of the reactions, introduce theoretical complications;

absorption calculations in this range have been done previously in this

lab; and higher frequencies have increased attenuation making it more

difficult to observe amplification.

Two SACERs were constructed for this investigation. The first con-

sisted of a C12-H2-Ar gas filled tube surrounded by high intensity flash

lamps. The tube was transparent to UV-radiation except for small unillu-

minated regions at each end. The flash lamps completely dissociated C12

in the illuminated region causing a pressure increase which expanded into

the unilluminated regions. This expansion led to pulses which propagated

down the tube. A microphone recorded the amplitude of these pulses at

various propagation distances. Electronic filters were used to study

individual frequencies found in the pulses. This SACER is described as

operating in a pulsed mode because, after flashing, the reactions lasted

only about 10 msec (the time required to use all the H2 ).

The second SACER used low intensity flourescent lamps to dissociate

Cl2 . Since only a small amount of Cl2 was dissociated at any given time,

VI
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the reactions continued much longer (approx. 1 sec); we refer to this as

the cw-SACER (continuous wave). Another reason for the slower reaction

.4,

rate was the substitution of SF6 for Ar. SF6 has a larger specific heat "*

which slowed the temperature increase of the gas. By keeping the transla-

tional temperature low the reactions evolved less rapidly. In this system

there were no unilluminated regions; tone bursts were generated by a send-

ing transducer. A receiving transducer measured the amplitude of the tone

burst after propagating various distances through the reacting gas.

A necessary part of this study was measurement of sound attenuation

in various SF6-Clz and SF6-H2 mixtures. From these measurements vibra-

tional relaxation times of SF6 could be predicted for the C12-H2-SF6 mix-Lt
tures which made it possible to calculate the attenuation due to vibra-

tional relaxation in cw-SACER experiments.

Chapter II presents a mathematical and physical description of sound

amplification in chemically reacting systems. Also described is the

theory of sound attenuation, including that due to vibrational relaxation.

The theory is not original to this work and is presented only for the

benefit of the reader unfamiliar with previous work in the field. This

study did require that the gain calculation of Gilbert s5 6 be meshed with

the attenuation calculations based on work by Shields17 . That step will

be described in more detail. The primary thrust of this study was collec-

tion and analysis of experimental data. Most effort was expended in con-

struction of the experimental apparatus described in Chapter III. Chapter

III includes a description of the acoustic waveguides, the UV-radiation

sources, and the computer system which controlled the cw-SACER. Chapter

IV gives experimental results. Conclusions are discussed in Chapter V.

.I .. -, , . -*.'.*. . . .. . . ..-... --.. . . .-.... . -.- . . . .
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CHAPTER II

THEORY

Introduction

Two conditions can generate sound amplification in gas-phase, chemi-

cally reacting systems. The first occurs when the reaction has an imbal-

ance of stoichiometric coefficients and a pressure dependent reaction rate.

Sound modulates the pressure causing spacial fluctuations in the reaction

rate. The rate fluctuations are accompanied by fluctuations in total atom

concentration and hence secondary pressure fluctuations. As an example

consider the reaction

A ------- B + C (1)

where the reaction rate, R(p) increases monotonically with pressure. As

the reaction progresses, the overall pressure is increasing, however, the

rate of pressure increase is modulated by the acoustic signal. The reac-

tion rate is larger in compressed regions causing a relative increase in

pressure due to the imbalance of stoichiometric coefficients. The increase

in pressure caused by the sound results in a feedback mechanism yielding

a further increase in pressure. A similar feedback mechanism occurs in

rarefied regions thus the acoustic signal is amplified. Reversing the

pressure dependence of the reaction rate or the stoichiometric imbalance

ICEresults in negative feedback.

* -....-.. --. F .,' .'. .-. ,..... .... . ....... . .. * -. . . . . .,. - ... ..
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The second amplification mechanism occurs when the reaction is exo-

thermic and has a reaction rate that increases with temperature. Under

adiabatic conditions, sound modulates the temperature and thus the reac-

tion rate. In regions of positive temperature change, reaction rate and

heat generation are increased causing a secondary temperature increase.

Reversing the temperature dependence of the reaction or having an endo-

thermic reaction causes negative feedback.

These two feedback mechanisms can be present simultaneously. They

can also be coupled, i.e. a pressure dependent reaction which is exother-

mic. Note that normal attenuation mechanisms are still present and can

cause an absolute decrease in sound intensity, with propagation distance,

even when positive feedback is present.

In the following the general formalism of non-equilibrium chemical

dynamics necessary to treat sound propagation in a chemically reacting

mixture is described. This treatment is available in the cited literature

so only the basic physics, major conclusions, and details useful to future

students will be included. In practice, all computations were performed

using a program written by Professor Gilbert1 3 . Next, mechanisms for

attenuation are identified and described only to the detail required for

consistency. A program written by Professor Shields17 (see appendix A)

was used for this calculation with a modification to allow viscosity to be

computed as a function of temperature for a ternary mixture.
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General Formalism for Non-Equilibrium Thermodynamics

Equations needed to describe chemical amplification are presented in

this section. The following is taken, in large part, from Reference 18.

Consider the reaction

2H2 + 02 2HZO (2)

which is the form

2A, + Aj ~ 2A' (3)

If this is the kth reaction being considered, the actual stoichiometric

coefficients, %k, are nik = -2, f2k = -1, and n3k - +2. Eq. (3) can be

written in suation form as

I~t k A', 0 (4)

where indicates a sumation over all species. In terms of grams,

instead of moles, eq. (3) is

4A1 + 32A2 - 36A3  (5)

where Aj represents one gram of species J. Reducing eq. (5) gives

As, 1A. - A2- 0 (6)

or

.VLkAi 0 0 (7)
i

* . . . . . .. . . ..
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where Vik is the mass weighted stoichiometric coefficient for the ith

species and kth reaction. Let the progress variable of the kth reaction,

Ak, be defined as the number of grams of reactant which have reacted per

gram of original reactant. Then

dkmi - mikd)k (8)

where mi is the total mass of species "i", m the total mass, and dkmi the

change in mi caused by the kth reaction. The total change in mi, dmi,

caused by all the reactions is

r r
dmi - jdkmi - mlvikdXk. (9)

k k

Dividing eq. (9) by the total volume gives

r
dpi A p lvikdxk (10)

k

where pi is the mass density species "i", and p the mass density.

If one considers only forward reactions then, for our example

pdlj/dt - p~j - kjpfp2 (11)

where Ej is the degree of advancement of the kth reaction,- dXj/dt, and

kj is the rate coefficient of the jth reaction in the forward direction.

In general form,

9j p-'kjp- li p2 - 2  (12)

or, in terms of mass fraction, cj,

- C2 1c2-ni fc2-n P-n f-n2 Mp(gJ-l)kjcl-nic2
-n2 (13)
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U where g is the molecularity of the jth reaction. For reactions of any

order

j P(gj-l)kjl(Ci)-ni (14)

where Ci is the mass fraction of the ith reactant, and I the sum over all

~reactants.

Consider any extensive variable, e, i.e. energy or mass. Let G be

specific a, e per unit mass. Then

S=vfpCdv (15)

where the integral extends over the entire system; and

- d/dtvfpGdv. (16)

If the volume remains constant, the time derivative may be taken inside

the integral giving

vf - vS (p G) dv. (17)

An alternate expression for 8 can be derived. If a flow of e is present

at the surface of a volume, then the resulting change 0 with time is

sfG-di, where jG is the current density for the extensive variable 0,

pGV; and V is the center-of-mass velocity. If there are internal sources

of e, denoted *G' the resulting change in e with time will be vfGdv.

Thus,

SsG-d! + vf*Gdv. (18)

Equating the two expressions for B gives
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vf{rt(pG) + V'JG- OG}dv- 0, (19)

and since the volume was arbitrary

±(pG) + V'jG - G 0 O. (20)

For future reference, let the partial specific e, Gi, be defined by

S-, "(21)

Applying eq.(20) to mass conservation of species "i" gives

-P Pi + V.Jmi - *mi (22)

where Jmi is the mass current density of the ith species, -Pii, vi the

velocity of the ith species, and Omi the source potential of the ith
r

species, -pl Vik k- Summing eq. (22) over all species yields
k

iS + PV- - 0 (23)

Eq. (22) can also be expressed in terms of mass fraction

r
Pai + V'j± PI vik tk (24)

k

where jj is the diffusion current density, pi(-i-7). Assuming no diffu-

sion, eq. (24) becomes

r
I Vik tk. (25)
k

Applying eq. (20) to the x-component of momentum yields

(0 ) + MOrnx) - PX + (V'O)x (26)

* .o
'- ," , ', ' , ,ee.',:,e:;,/.-'.<<',' ";'._ _ ... . .... ...--....-...... .. ...
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where jmom,x is the x-component of momentum current density, = Pvxv; Xx

the x-component of external force per unit volume; and a the stress tensor.

Combining eq. (26) with its y- and z- counterparts gives

at(Pi) + V.(pV) - pX + V°0 (27)

and, using conservation of mass,

pv - PX + V-0. (28)

Assuming no external forces and using the stress tensor for homogeneous,

isotropic fluids, eq. (28) can be written

- -Vp + nV2  + n + )V(V.) (29)

3where n is the coefficient of shear viscosity, and 4 the coefficient of

bulk viscosity. Applying eq. (20) to entropy gives

pi - O/T -V.3s (30)

where S is the specific entropy; S/T the source potential of entropy; and

Js the entropy flux caused by diffusion and heat flow. $ is caused by

viscous flow, chemical reactions, isothermal diffusion and heat flow.

Fitts18 calculated 0, and by using conversation of mass and eq. (30),

obtained the following

r
pK'Cv1 - PCpV. - jpj(OAHj - pcpAVj) (31)

p

and

r
pK'Cv T - -OT V. - jp~j(K'AHj-OTAVj) (32)

. ',,, .,-, ,,'.,, . . .-..-...-.. . .. .-. ....- . -. . .. . .... .... . . ..- , . .. . .- .
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where AHk - v iki, AVj = v vj~i, K =-V(-)T,M' and 8 '

Eqs. (31) and (32) were derived using the following assumptions:

1. adiabatic conditions, V. - 0
2. no diffusion, ji - 0
3. homogeneous, isotropic fluid with bulk and shear

viscosities independent of gradients.

The necessary acoustic relationships follow from the conservation

equations. It will be assumed that no chemical reactions are occurring

and that, except for thermal conduction, no attenuation mechanisms are

Mpresent. Attenuation will be included in later sections. With these

assumptions, eq. (31) becomes

- -(cp/cvK-)V. (33)

For plane waves propagating in the x-direction in an ideal gas, eq. (33)

reduces to

- (cp/cvK)p.'x/ax (34)

where the difference between the substantial derivative, d/dt, and the

time derivative, B/3t, is second order and has been ignored. With the

same assumptions as those used to obtain eq. (34), eq. (32) becomes

FT -p(pcv)-1 3x/3x, (35)

eq. (23) becomes

a ax% - p + p-i- -0= , (36) [.

" _ ,.



and eq. (28) becomes
12

P Vx- (V-)x. (37)

Writing the stress tensor as

oij -p6jj, (38)

eq. (37) simplifies to

at -" P  (39)

So far, we have developed acoustic and chemical relationships between

pressure, center-of-mass velocity, temperature, and mass fractions. These

expressions have been combined by Gilbert et al.5 as follows.

Let.*(x,t) be the space- and time-dependent vector of variables

describing the system. The components of this vector are (p, V, T, ci).

Equations describing the system (eqs. (25), (29), (31), (32), (34), (35),

(36), (39) and (40)] can be combined into one tensor equation

F[*] + B[*1] a (40)

where F[*] is a nonlinear vector function describing the kinetics, and

B[*] a matrix function of i describing the acoustics.

The quantity, *(x,t) can be written as the sum of *p(t), the part

resulting from homogeneous evolution, and 6*(xt), a small quantity result-

ing from acoustic perturbations. Homogeneous evolution is described by

-Ot =[*O1 (41)

4 -'. .
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or, without tensor notation, by

-0 _O(c4)-1 @KO[T*)-AHI -p~c;AVZ] (42)

-7 -o (43)

-p~v)1E[p)1H AVOZ] (44)

r
-! (45)

Inhomogeneous evolution is described by eqs. (25) (29), (31), and (32).

These four equations can be rewritten as

atE Ci -9- ci + IVik~k (6

k

a~ x P - - ax--xv (47)

aaa r -

7tp -v -3- p + c~,p PCv 1 Tx 9- pcv 1'EkGk (48)

a
tT -x LT -pcv)-Lp -L - r

TF ax ax c c, 1 IEJJ (9

where the following assumptions and definitions have been made:

1. rate coefficients have an Arrhenius temperature
dependence, kj - f Iexp (-Et/RT) , where f - is
the frequency factor, and it the activation
energy for reaction "1";

2. the molar, constant-pressure specific heats have
the form A M Mi + OiT + niTr2 , where m, 0j.,
and ni are the specific heat coefficients for
the ith species;

3. cp - iciMi 1  where Mi is the molecular weight

of species "i".
4. qi 2 iT + 8iT1-riiT-
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N- AHZ - pAVL
GI _S T-'AHX - pcpAVZ

MI -molecular weight on right-hand side of reaction

AHt(T) - (Ml)-1 {HZ(T - 298K) - jni[qi(T - 298K)-qi(T)II}

Ai - t-(612 Tidcj) - (g-l)Mi-pRTp-1 ]

Next, let the independent variables be composed of a homogeneous part

plus a small inhomogeneous part, i.e. p = p" + 6p. Then the dependent

variables can be written as a homogeneous part plus a Taylor series of
"aP) c a s _ p .6

inhomogeneous variables, i.e. p - p0 + p+ '6T + I (- i

an neglctin h e orderi

+ -)a x, where higher order terms have been neglected. Using this

! notation and neglecting higher order terms, eqs. (46) - (49) become

r r s r

6c- 6T IkAEM + (p°)-11(g£-1) Ivik + 6cjl.ikAjk (50)
k 2 j k

VX- = (51)

r r

F6p 6p[-(c*)'1jgX~jGj] + 6T(-cO)-1{pj[Gj~j

at a2 z0V( 2 )] act
+ (T*)-(ARt-T "t A 2 )o - p

s r

- *(3Cv/3T)°6T + (-c )-'6ck{p°j(G AkZ

+ q VIMk-3P(c/YO-cp)1] - cv6*cicoi- 1 (52)

T - -(cvO)1{8T[(j~j( . p
at r J )

+ 6p[jJ (gt-1)(p°)-'4 + 16ci(AIzJi-(C;)2 COi-°1T} (53)

where the homogeneous parts have been eli.,inated using eqs. (41) - (45).

Eqs. (50) - (53) can be written in matrix notation as

. (F) (54)

rb ,-.., ./ , .,j....-....r ......,.. ......,..... ,. ...,. ......,.. . . , . • .., .. . . .. , . , .-
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where Q(**) is a matrix whose elements are found by solving the equation

for homogeneous evolution, (41). A numerical solution 6 of eqs. (41) and

(54), written by Professor Gilbert, was used to predict sound amplifica-

tion for our experiments. The solution uses the Gear method1 9 of solving

stiffly coupled differential equations. Another study of sound amplifica-

tion in Cla-H 2 gas-phase chemically reacting mixtures has been published

by Toong et al.7-9; it will be considered briefly. While similar to
IN Gilbert's solution, Toong's derivation neglects viscosity and thermal con-

ductivity; however, this simplification allows for analytical solutions.

Thus, clear insights concerning acoustic-chemical interactions are possi-

8ble. Toong presents a useful equation for comparing sound attenuation

with and without chemical amplification

Aa- (2yT)-dT/dt[m'+(EA/RT)(y-I)(Ti/T)+yl (55)

where Ti is the initial temperature and m' the order of the reaction.

Both Gilbert and Toong's solutions are compared to our experimental

results.

Attenuation

In order to predict the absolute sound amplitude in a reacting mixture

the standard attenuation mechanisms must also be considered. These losses
"p

are caused by viscosity, thermal conductivity, mass diffusion, and vibra-

tional and rotational relaxation. In addition, there are losses associated

with sound propagation inside a tube. Attenuation resulting from viscosity

and thermal conductivity is termed classical attenuation. The classical

ZA

gt

I . j
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attenuation coefficient is given by

acL -w 2P (/
,

+ 1-1 ' ) f 2 (56)

where acL is the exponential decay constant for sound pressure amplitude,

i.e. Aexp(-ax) where x is the propagation distance. Beginning with the

conservation equations for mass, energy, and momentum, Kirchhoff21 obtained

an algebraic equation for the propagation constant for radially summetric

waves. Kirchhoff assumed that particle velocity and sound temperature were

zero at the tube wall. Henry2 2 pointed out that these conditions might be

inadequate, owing to the temperature jump and slip velocity at the tube

wall. Shields23 has modified Kirchhoff's equations to include temperature

jump and slip velocity. The corrected equations were solved numerically

using a computer program developed by Shields which is described in Refer-

ence 24. The physical constants for our waveguide were obtained from

Shields25 . Reflection coefficients at the ends of the tube were needed to

correct for losses upon reflection. The coefficients were measured at room

temperatures. The temperature dependence of reflection coefficients is

weak2 ,'2 and therefore was not considered; endplate temperature varied

only slightly during our experiments.

When a density gradient exists in a mixture of gases, there will be

a greater flow of light molecules, relative to their concentration, than of

heavy molecules. This results because, for a given temperature, lighter

molecules are traveling faster than heavy molecules. The results is a

periodic unmixing of the gas, offset by irreversible diffusion, which

results in an energy loss of the sound wave. This effect is additive to

I
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that of classical absorption and has an attenuation coefficient given by

5

cdiff = ( .yf/ap) P , XjSk(mj-mk)x(mjDij-mkDik) (57)
i'j ,k

.* where Dij is the multicomponent diffusion coefficient for particle "i" and

"j", mi the mass of the ith particle. For the gas mixtures used in this

study, attenuation resulting from diffusion was much smaller than those

caused by tube losses or vibrational relaxation. The computer programs

which calculated attenuation did not consider attenuation resulting from

diffusion.

When sound propagates through polyatomic gases the compressions and

rarefactions involve a redistribution of energy between the various modes

of excitation; this includes vibrational and rotational modes. At suffi-

ciently high frequencies, the period of fluctuation becomes shorter than

the time required for the redistribution of energy into the various modes.

When this occurs the compressions and rarefactions are no longer reversible

and attenuation results. Since rotational energy levels are closely spaced

near room temperature for C12 , H2 , and SF6 , a single relaxation time can be

V 27used to describe rotational relaxation. The resulting absorption coeffi-

cient, for the frequencies we used, is
2 7

arot " {[Nx' f2 (di/2)R(y-l)]/(fr,rotc~a)} (58)
• ., i

where di is the number of rotational degrees of freedom, i.e. 2 for H2 ,

C12 , 3 for SF6 ; xi the fractional number of molecules of species "i"; N

is the total number of molecules; and fr,rot the frequency associated with

relaxation of rotational modes. Since arot and aCL have the same frequency

dependence, rotational relaxation can be included by modifying the classi-

cal attenuation coefficient2 6.
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Two vibrational attenuation mechanisms were considered in our calcu-

lations: collisions which relax/excite the first vibrational level in C12;

and collisions which relax/excite vibrational levels of SF6 . H2 and upper

5Cla vibrational states are not considered because at lover temperatures

they are rarely excited. The first mechanism is especially simple because

it involves only one vibration-translation (v-t) process and can be consid-

ered a pseudo-first-order chemical reaction
s

C12 (V0) t C12 (v-i) (59)

In general, collisions which exchange multiple quanta of energy, in v-t and

v-v processes, must be considered to predict vibrational attenuation. For

example, if A and B collide, A may loose two quanta of vibrational energy

* and B receive one quantum of vibrational energy and some translational

energy. This coupling between v-t and v-v processes complicates the prob-

lem2 8'2 9 greatly; however, SF6 has properties which simplify the problem.

SF6 has many vibrational levels which are excited even at low temperatures

(-300K) but, the lowest level deexcites much slower than the others. This

3f lowest level gating makes it possible to characterize SF6 vibrational

relaxation with one relaxation time2 9 , Tvt . For frequencies such that

WTvt << 1, which includes the range we used,

2vtCX v p.- (P.vt) (60)I, tX = Co(Co+i)

where CO is the constant volume specific heat for low frequencies, and

Cv is the contribution to Co resulting from vibrational relaxation.

Eq. (60) is multiplied and divided by pressure, p, because (p~vt) is
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pressure independent for binary-collision induced relaxation. The vibra-

tional relaxation time, Tvt, for a mixture of C12-Hz-SF 6 is given by

1 x'42 + X'C12 + xSF6  (61)
TVt Tvt,H 2  Tvt,C1 2  TVt,SF6

where Tvt,SF6 is the vibrational relaxation time for pure SF6 ; Tvt,j is the

vibrational relaxation time related to SF6 in mixtures of "j". Equation

(61) can be used to determine the constants Tvt,SF6, Tvt,Cl2, and Tvt,H 2 by

determining Tvt for a number of known concentrations, xIH., xICl, and

x'SF6 . The Tvt are found by measuring atotal for various pressures,

frequencies, and concentrations of H2 and C12 in SF6 ; substracting other

attenuation terms to get ot for each set of parameters; and solving eq.

(60) for Tvt"

Reaction Details

"2 Two SACERs were constructed for this investigation; one operated in a

pulsed mode, the other in a cw mode. Both systems are characterized chem-

ically by the following H2-C12 reactions
3 ,14

C1 2 + hv - 2Ci (photo initiated dissociation) (62)

C1 + H2  HC1 + H (63)

H + C12  HC1 + Cl (64)

M + 2CL M M + Cl2  (65)

C12(v-0) t Cl2 (V-1) (66)

Where M represents SF6 for the cw SACER, Ar for the pulsed SACER. The last

"reaction" is a pseudo-first-order reaction which allows for C12 vibrational
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excitement. The physical parameters associated with these reactions were

obtained from references 5 and 6.

A%1

I
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* CHAPTER III

APPARATUS

Two systems were constructed for this investigation. The first was

used for pulsed SACER experiments, the second for cw-SACER and attenua-

tion experiments. A brief description of the systems will be given,

followed by a more complete discussion of individual components.

Fig. (1) illustrates the acoustic and lighting equipment used for

the cw experiments. The heart of the system was a cylindrical waveguide

'U, (m x 3cm) with transducers at each end. The tube was made of Vycor

g which is TN-transparent. Three UV-fluorescent lamps surrounded the

tube and provided TN-radiation needed to dissociate C12 . Aluminum slats

supported the lamps and helped insure homogenous illumination of the

Vycor tube. The acoustic waveguide and lamps were enclosed in an alumi-

Unum tube to increase TN-intensity inside (aluminum is an excellent UV-
reflector). The entire system was covered with a light-tight cloth to

protect the lab from UV-radiation and isolate the system from UV-radia-

tion emitted by fluorescent lamps in the lab. A similar system was used

for pulsed experiments (see fig. (2)). Intense flash lamps were used to

dissociate C12 at the start of each experiment. Unilluminated regions

at each end of the tube generated acoustic pulses which propagated down

the tube. Two microphones were used to monitor the amplitude of these

pulses. The first microphone was mounted flush in one end of the tube,

the second microphone was mounted near the other end of the tube. A

*'1 , , . _. - . . . . . - - .. . .
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* movable sending transducer was mounted opposite the first microphone,

but was used only as a reflector because the intense acoustic pulses,

generated by the unilluminated regions, masked tone bursts generated by

the transducer. A LSI-11 based minicomputer (MINC system 11/23) was

used for cw-SACER experiments to receive data, control experiment, and

graph and analyze data. The computer was equipped with an A/D converter

and digital out (DO) module. The A/D converter was used to digitize the

signal from the receiver. The DO module generated digital pulses which

controlled the sending transducer and equipment associated with fluores-

cent lamps. Attenuation measurements were made with the system used for

cw experiments. The lamps were not needed for attenuation measurements.

All experiments used research grade gases (Matheson Gas,Z 99.96% pure)

with the exception of H2 used during attenuation measurements. Low

impurity levels could be tolerated in H2 -SF6 attenuation measurements

because H2 is generally more effective at relaxing vibrational modes in

SF6 than impurities.

Two solid dielectric capacitance transducers were used in the cw

system (see fig. (3)). Both were constructed in our laboratory for this

experiment. Each had a high voltage plate covered with 0.0127 mm Kapton

which had an aluminum coating on the side away from the high voltage back

plate. The aluminum coating and back plate formed a capacitor whose

separation distance could be varied with acoustical pressure or applied

voltage. One transducer was operated in transmitting mode, the other in

a receiving mode.
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TABLE (1)

Equipment List

1. General Radio Company, Preamplifier Type 1560-p42

2. General Electric, Black Light no. F40BL

3. Hewlett-Packard, 3312A Function Generator for cw-SACER experiments;fI Hewlett-Packard, 200 CDR Wide Range Oscillator for attenuation
experiments

4. Dynaco, Mark VI Amplifier

5. Electro Instruments, Inc., Precision Power Source no. 6303PS

6. General Radio Company, 1560-P62 Power Supply

7. Rockland, Dual Hi/Lo Filter no. 452

9 8. Eg&G Pare, 113 Pre-Amp

9. Each lamp had its own Regulated Power Supply:; . ,Philbrick Researchers, R-600
Philbrick Researchers, R-300
Lambda, C-881M

10. Sheldahl, 0.0127 mm Kapton with aluminizing

11. Fluke, 1911-A Multi-Counter

12. Eico, 1064 Power Supply

13. Digital, minicomputer no. MNC11-FA, version 2.0, system 11/23,
LSI-11 based

14. Albia Electronics, DM-6 Variable Power Supply

15. Xeon Corporation, Model A Power Supply

16. Xeon Corporation, Model C rf-Trigger

17. Xeon Corporation, 1 meter Micropulse Flash Lamp

18. Bruel & Kjaer, Condenser Microphone Cartridge Type 4149
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For the transmitter, a force was applied to the aluminum coating by

varying the potential between it and the high voltage plate. This force

caused the Kapton to oscillate sending an acoustic signal down the tube.

Two voltages were applied to the transmitter, a 200 volt bias which

insured that the foil and back plate did not separate, and a ± 20 volt

tone burst which caused the oscillations. The two voltages were combined

with a voltage adder built in this lab (see appendix B). The sender was

movable so the distance between transmitter and receiver could be changed.

Acoustical pressure variations on the receiving transducer caused

the potential between aluminum coating and backplate to vary. A GenRad

preamp/power supply combination was used with the receiver to apply a

200 volt bias and detect the ac voltage caused by acoustic signals. The

receiver sensitivity was controlled by decreasing the active area of the

high voltage plate (see fig. (4)). Fig. (5) illustrates additional

signal conditioning electronics associated with both transducers.

The pulsed system was equipped with two 1.27 cm, B&K condenser

microphones (see fig. (2)). One microphone was mounted flush in an

endplate, the other was mounted near the other endplate with its active

surface parallel to the tube's axis. Both were powered by GenRad preamp/

power supply combination like the one described for the cw system. A

sending transducer was mounted in the other endplate; the sound it gener-

ated was not intense enough to be used for the pulsed experiments.

Several constraints were placed on the UV-radiation sources used for

cw operation. They had to start quickly, relative to the relaxation
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times of the chemical reactions, and not cause large electrical disturb-

ances which would be picked up by the receiver preamp. To this end, a

complicated procedure was developed to start the UV-flourescent lamps

(see fig. (6)):

1. 300 volts dc was applied across the lamps
. 2. 12 volts dc was supplied to glow one filament for

1/2 sec.
3. the lamps started when the wire, wrapped around the

lamps, and the slats were shorted to the 300 volt
terminal; the wire and slats were "floating" before
the shorting process.

After starting, the lamps drew one amp each. Due to the large power

requirement, each lamp was powered separately. Timing for lamp starting

and transducer activation was provided by the minicomputer. The UV-flash

lamps used for the pulsed experiments had to dissociate the C12 quickly,

compared to the time scale of the chemical reactions, at the beginning
.o. ."

of each experiment. The four cylindrical flash lamps (lm x 1cm) were

powered by a bank of capacitors. They were triggered with a rf-oscil-

lator (see fig. (7)). The lamps were flashed at 10 kvolts with a 30

kvolt trigger. Pulse duration was estimated by the supplier (Xenon, Inc.)

to be 10 usec. The intensity of the UV-flash could be changed by varying

the number of capacitors in the power supply.

As mentioned earlier, the cw-SACER experiments were controlled by a

MINC-11/23 computer system manufactured by Digital Equipment Corporation.

The system included lab modules which digitized data and provided digital

signals to activate lab equipment. Fig. (8) illustrates the computer and

related equipment. The digital output (DO) module sent digital pulses,



31

0:j 0

0

:3 0 r: 4

w 0 1-4 &-

u 0 2r

0 00

0 0-40.'- 0. en.



32

bIr-

P6 0

44

41



33

'~1 E-ra

r Czd

%..,
co 0

0 00
Oi 0o

444

cai

144

0 V4



34

of variable length and time, to the electronic buffer equipment. The

buffer equipment insured that DO signals were impedance-matched with

later equipment and that electronic noise, caused by the SACER, did not

get sent back to the computer. Three DO channels were used to control

the function generator, current to lamp filaments, and voltage applied

to the wire wrapped around the lamps. The A/D converter was used to

digitize the amplified signal from the receiving transducer.

During cw-SACER experiments the amplitude of a tone burst was

monitored as it propagated through a reacting gas mixture. UV-lamps

continuously dissociated Cl2 allowing the reaction to proceed slowly

until all the H2 was used (approximately 100 msec). The experiments

were conducted as follows:

1. Using the law of partial pressures, a stainless
steel storage tank was filled with enough C12,
H 2, and SF6, in the desired concentrations, to
conduct several experiments. The gases were then
allowed to mix one day for each atmosphere of pres-
sure in the tank.

2. After mixing, but before the SACER tube was filled
with gas, the lamps were turned on and off once to
insure proper starting during later operation.

3. 300 volts was applied across the lamps without
starting them.

4. The SACER tube was filled with mixed gas.
5. The computer then controlled the SACER in this order:

-glow lamp filaments 1/2 sec to insure proper lamp
starting

-then start digitizing data from receiving
transducer and start lamps by changing the poten-
of the wire coiled around the lamps.

-activate sending transducer to send 4 msec tone
burst at predetermined time after lamp start

-stop digitizing 150 msec after lamp start.
6. After each run the lamps were turned off and the

gases pumped out of the SACER tube.



35

7. Steps 2-6 were repeated at approximately half
hour intervals until the storage tank was de-
pleated.

During each pulsed experiment, UV-flash lamps dissociated Cl2 in the

SACER tube. This began the reaction and caused the pressure to rise

rapidly everywhere inside the tube except for small unilluminated re-

tions at each end of the tube. The increasing pressure caused gas to

expand into the unilluminated regions. This expansion led to pulses

which propagated down the tube. Microphones monitored the amplitude

of the pulses as they propagated inside the tube. Because all the Cl2

was immediately dissociated, the reactions only lasted approximately

10 msec. Pulsed SACER experiments were conducted as follows:

1. The SACER tube was filled with the proper mixture
of C12, H2 , and Ar. The gases were then allowed
to mix thoroughly (at least four hours).

2. The capacitors were charged and then used to flash
the lamps. The microphone outputs were stored on
a fm-recorder and later analyzed.

In determining the vibrational relaxation time for gas mixtures

used during cw-SACER experiments, a set of attenuation experiments were

conducted. During attenuation experiments, the amplitude of the first

reflection was measured for different transducer separations. Experi-

ments were conducted at various pressures, frequencies, and Cl2 and H2

concentrations in SF6 . The concentrations were 10, 20, and 50 percent

H2, 10 and 20 percent C12 , and pure SF6 ; the frequencies ranged from

1.5-50kHz; and the pressures ranged from 25-400 torr. These steps were

followed for each attenuation experiment:

5%
I%
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1. A stainless steel storage tank was filled with
enough SF6 and Cl2 or H2 , in the desired partial
pressures, to fill the tube several times.

2. After mixing the gases for 24 hours, the SACER
tube was filled to the highest pressure used in
attenuation experiments.

3. At the largest transducer separation distance,
the pressure amplitude of the first received tone
burst was measured for each frequency.

4. The distance between transducers was reduced and

step 3 repeated.
5. Step 4 was repeated approximately twelve times.
6. The pressure was lowered and steps 3-5 repeated.

Because a small amount of leakage occurred around
the movable transducer's mount, the system was
periodically evacuated and refilled to ensure the
gas mixture was not contaminated.

IL ?.:a.A: V L-
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CHAPTER IV

EXPERIMENTAL RESULTS

Pulsed SACER

Pulsed SACER experiments were begun by generating Cl atoms with

a very short UV pulse, then allowing reactions (63-66) to go to comple-

tion modulated by an acoustic signal. The acoustic signal resulted

from unilluminated regions in the tube and was monitored with two

microphones. Electronic filters were used to examine individual fre-

quency bands found in the acoustic signal. A frequency band centered

about 2kHz was examined for amplification.

Experimentally, the amounts of Cl2 , H2 , and Ar initially in the

system could be controlled. Also, varying the flash intensity gave some

control over the initial concentration of atomic chlorine. One of the

first tasks was to determine the optimum conditions for observing

sound amplification. It was necessary to consider the chemical reactions

(63-65) and the attenuation mechanisms present. A computer program writ-

ten by Gilbert et al. 6 was used to include the chemical reactions; a

program developed by Shields23 was modified to compute tube and classical

attenuation as a function of frequency, gas composition, temperature, and

pressure. These two programs were used to solve for signal strength as
%.4

a function of time for various reacting gas mixtures.

Ideally, we would like to have computed amplication for many sets

of initial conditions; however, since each set required about 30 CPU

1
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minutes (Dec system 1077) only 60 sets were considered. From the compu-

ter outputs we were able to develop a physical feel for the competing

mechanisms. For example, Table (2) illustrates the effect of varying

H2 concentration. For these calculations, it was assumed that 0.0005

atm of C12 were dissociated by the UV flash. At low H2 concentrations,

the primary mechanism for amplificiation is recombination of C12 . In

the absence of tube and classical losses, after 3msec, this mechanism

would result in a gain of 1.7. Attenuation decreases this to 1.5 and

0.75 at lm and 2m respectively. As the H 2 concentration is increased,

reaction (64) becomes more important and the amplification increases up

to about 8 after lm because reaction (64) is highly exothermic. Greater

H2 concentration does little to increase amplification.

Table (2) also illustrates that, for the case of varying H 2 concen-

tration, large amplification is accompanied by large overpressure. This

trend occurred repeatedly in our computer simulations. The microphones

used in the pulsed system could only withstand an overpressure of 0.03

atm which limited allowable initial conditions and expected amplification.

In pulsed SACER experiments, after the lamps dissociate C1 2 , the

pressure in the illuminated region increases due to the dissociation

and the subsequent heating from exothermic reactions. The increased

pressure in the illuminated region expands into the unilluminated regions

at each end of the tube. When the expansion reaches the microphones, the

pressure rapidly increases. The positive pressure pulse is followed by a

decrease in pressure. The lower pressure duration is about Xn/c where

c is the speed of sound and Xn is the length of the unilluminated section.

. .. .... ... . .. ..........,- .- . .. .- -.. . -. ,. . . .. . . . -, . . • . .
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TABLE (2)

Pulsed SACER, Results

Total Pressure -0.025 atm.

Amxpl itude
Concentrations in atm Overpressure (atm) (initially 1)
[Cl2] [H1 [Ar] 1MS 4Oma, 3 ms 1m. 2m

.005 .0005 .0195 .049 .065 1.7 1.5 .75

.005 .001 .019 .068 .084 7.5 3.7 1.8

.005 .002 .018 .106 .120 16 8.3 4.3

.005 .003 .017 .143 .155 16.5 8.3 4.3
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This pattern is repeated as the pressure pulses bounce back and forth

in the tube. An example of this type of signal is illustrated in figure

(9). By filtering the signal, the amplitude of one band of frequencies

can be observed. When this is done, a series of decaying pulses is

observed; each pulse being similar to a sine wave with a gaussian

envelope. It is the change in amplitude of these pulses that is examined

for amplification.

The system had two microphones which detected the pressure changes.

One microphone was mounted flush in the end opposite the sending trans-

ducer, the other was mounted, with its face parallel to the axis of the

sound tube, at the same end as the sending transducer. These microphones

will be referred to as mike 1 and mike 2 respectively.

For the optimum mixture listed above, the first burst arrives at

mike 1 about 2msec after the flash. The second burst has reflected off

the opposite end, traveled back down the tube and arrives about 7msec

3 after the flash. The third burst is the same as the first after traveling

to mike 2, reflecting off the sending transducer and returning. Subse-

quent pulses correspond to reflections back and forth in the tube.

For the purpose of the following arguments, a numbering system has

been constructed to keep track of these bursts. The first burst received

at mike 1 is denoted B1, the second B1, the third B1 , etc. At mike 2, the

same bursts are referred to as BO, B1, B., etc. In this way, an odd sub-

script refers to a burst which arrived first at mike 1. This means that

BI is the same burst as B2 but B2 has traversed an additional lm down the

tube to mike 2. The amplitude of B1 will be denoted by Al, etc.

1,°
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Before discussing specific results, it should be noted that the

ratio, A'/A' has no particular significance by itself since this ratio is

a function of the unilluminated volumes, on each end, which (for the mike

2 end) is variable. Further, since mikes 1 and 2 are mounted differently,

the ratio A2/A' has no significance. However, by comparing several experi-

ments these ratios can provide information.

Figure (10) shows the signal strength at mike 1, on a log scale, ver-

sus propagation distance for C12-Ar mixture. For a gas with no amplifica-

tion, the points should lie along a straight line since the signal strength

A is equal to Ao exp(ax-nB) where a is the absorption coefficient for the

-:1 gas, a is the reflection coefficient, and n the number of reflections. As

shown in figure (10), the points lie along a straight line indicating there

is little if any amplification from the Cla-Ar mixture, as expected. Also

note that although the points for the signal originating near mike 2 are

offset in absolute magnitude, the decay rate is the same (to within the

measurement accuracy). Figure (10) indicates that the 2kHz component of

the pressure pulse originating near mike 2 begins at a level 1.15 greater

than the pulse originating near mike 1.

Figure (11) illustrates the results of adding H2 to the C12-Ar

mixture in the ratio, 0.077 atm Ar: 0.019 atm Cl2: 0.003 atm H2. The

signal strengths for both microphones (obtained from oscilloscope traces

of the filtered signals) are plotted on a log scale. At both microphone

positions, the signal decreases logrithmically with distances, the

recorded amplitude is well below the straight line extrapolation. This

suggests that there is a time over which the signal is amplified. By
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extrapolating the line back to 1/2 m, we determined the effective gain

which took place in the time necessary for the signal to travel this

3/4 m; the gain was 1.8 (two other sets of data give gains of 1.8 and

1.5). This means that for a propagation distance greater than 3/4 m,

the signal amplitude is 1.8 times what it would have been without ampli-

fication. A gain of 4 was predicted for the mixtures used.

There are additional features of this data which serve to convince

us that amplification has been observed in the pulsed system. Comparing

figures (10) and (11), note that for mike 1 with H2, B2 is larger in

magnitude than Bl; in the absence of H?, B is larger. The geometry was

the same so the ratio of Al to A2 should be the same unless Bz has

experienced more amplification in the 1/4 m greater distance it traveled

3 compared to B1.

Both these observations seem convincing, but, unfortunately the

results are not conclusive. The large unfiltered pulse amplitude raises

the possibility of non-linear effects in the gas. One would generally

expect a non-linear wave to decay more rapidly leading to a curve with

decreasing steepness, opposite to that seen in figure (11). But the

fundamental of the pulse is at a much lower frequency so there could be a

build up at higher frequencies due to steepening of pulse wave forms.

7The appearance of steepening is not obvious from the data, yet we are not

prepared to rule out this possibility entirely.

The magnitude of the observed gains are about 1/2 that predicted by

Gilbert's computer program. There are several possible explanations for

this discrepancy. The computer program did not include wall collisions

• ., . - - - . . . . ,- - .. - .. . - . .
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or expansion into the unilluminated regions (which cools the gas).

Wall collisions or expansion could slow the reaction scheme. The effect

of wall collisions should be small and could be explored by reproducing

the experiment at lower pressures where wall collisions are more impor-

tant. Cooling effects caused by the unilluminated regions were overcome

'V., in the cw-SACER experiments.

Another possible cause for the difference between observed and

predicted amplification rates is the uncertainty in the UV energy sup-

plied by the flash lamps. The energy from the flash lamps was estimated

by flashing (with a given flash intensity) with different Cl2 pressures

in the tube, observing the total overpressure, then comparing this to

the theory with the original Cl produced used as an adjustable variable

to obtain agreement between theory and prediction. An example is given

in figure (12). This technique neglects the unilluminated regions and,

hence, underestimates the Cl concentration in the illuminated region. But

that underestimate should not be greater than 10 percent (the volume

ratio) which would not entirely explain the difference between observed

and predicted gain.

cw-SACER

During cw-SACER experiments, the UV-flourescent lamps continuously

dissociated C12, providing atomic Cl for reactions 62 through 66. For all

but one experiment, a tone burst was sent down the tube 108msec after the

lamps were started; the receiving transducer monitored the tone burst as

?-, ~.. .. ....-......-.. •..-..-....... .. . .. . ..-
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j it propagated back and forth inside the tube. Tone bursts were also sent

before and after each experiment as a control.

Experimentally, the amounts of Cl2 , H2 , and SF6, initially in the

system, could be controlled. Unlike the pulsed system, lamp intensity

was not variable. Initial gas concentrations similar to those used by

Toong 7 were selected for the cw-SACER experiments. Three Cl2 :H2 :SF6

ratios, at a pressure of 1/3 atm, were selected, 0.5:2:17.5, 1:2:17,

and 2:2:16. For each ratio, experiments were conducted for four acoustic

frequencies, 1.0, 2.5, 4.0, and 6.5kHz.

For the initial conditions selected, the reactions proceeded slowly

and gave predicted amplification which varied only a small amount in the

time it took for a tone burst to decay to below the noise level. There-

fore the tone bursts, sent while the reactions were proceeding, decayed

exponentially with distance, but with a smaller attenuation coefficient

than tone busts sent when the reactions were not progressing. The

filtered signal from the receiving transducer was digitized and later

used to obtain plots of tone burst amplitude versus distance and time

(see fig. (13)).

Table (3) and fig. (14) show the data from the cw-SACER experiments

just described. The plots of tone burst amplitude versus distance and

time were used to obtain attenuation coefficients and velocities. In

table (3), the quantities listed in the "before" columns are averages of

measurements taken before and after the reactions. After the lamps were

turned off and the mixture was allowed to cool, the attenuation coefficient

and sound velocity were the same as before the reactions, within

. -,- -,_,. , .< ,- ',..,..'. ., , .. -... ,.. .. , . , .. t... .. - . Z. . . . ... . • -a~ . -
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TABLE (3)

cw SACER Data

Frequency
and Attenuation Velocity

Mixture (dB/cm) AG(m/sec)
H2-C12-SF6 Before Durin (d/m Before Duin AT(K)

2-2-16
1.0 kliz .0106 .0087 .0019 155 164 38
2.5 .0170 .0156 .0014 155 165 40
4.0 .0240 .0216 .0024 156 162 26
6.5 .0371 .0339 .0032 155 165 40

1-2-17
1.0 kliz .0108 .0098 .0010 152 155 14
2.5 .0177 .0162 .0015 154 156 10
4.0 .0237 .0212 .0025 151 1 L,6 22
6.5 .0357 .0329 .0028 152 156 18

0.5-2-17.5
1.0 kliz .0107 .0102 .0005 150 151 4
2.5 .0174 .0168 .0006 149 152 12U4.0 .0238 .0223 .0006 150 152 10
6.5 .0356 .0346 .0010 149 153 18
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experimental error. Aa is the change in attenuation while the reactions

were taking place and is obtained by subtracting the "during" attenuation

coefficient from the "before" attenuation coefficient. AT is the dif-

ference between the temperature when the reactions are progressing

(determined from sound speed when the tone burst is decaying) and room

temperature. AT is computed from the velocity measurements by using the

following eq. derived from the equation for adiabatic sound velocity.

TDuring = TRoom (VDuring) (67)

VBefore

The data from the 2:2:16 mixture was compared with Gilbert's computer

program6; tube losses and classical attenuation were included in this

calculation by using a slightly modified computer program originally

developed by Shields2 . The frequency factor, for reaction (62), used

in the computer predictions was that value which correctly predicted the

temperature change during the reactions. This frequency factor (see first

assumption under eq. (49)) is related to the intensity of the fluorescent

lamps. Table (4) and fig. (14) present the comparison between the pre-

dicted and observed attenuation coefficients. The observed attenuation

coefficients are in fair agreement with the computer predictions. Also,

the observed amplification shows the same frequency dependence as pre-

dicted.

Another cw-SACER experiment was conducted to determine the time
-4

dependence of amplification. This experiment was similar to the others

"7 except a series of tone bursts was sent; successive tone bursts were

.I. ..-. ~ * .- ' * .* ... . . . **.
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U
TABLE (4)

cw-SACER Data Comparison

Mixture: 2-2-16 (H2-C12-SF6 )

Observed Predicted
Attenuation Attenuation Aa

Frequency (dB/cm) (dB/cm) (dB/cm)
(kHz) Before During Before During Observed Predicted

1.0 .0106 .0087 .0096 .0085 .0019 .0011

2.5 .0170 .0156 .0168 .0156 .0014 .0012

4.0 .0240 .0217 .0240 .0223 .0024 .0017

6.5 .0371 .0339 .0386 .0357 .0032 .0029

I

I" ,' ' . &. . i / .
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sent as closely spaced as possible without causing interference. A

1:2:17 ratio with a 2.5kHz tone burst was used for this experiment.

Table (5) and fig. (15) present the time dependence of amplification.

The point at 139msec came from a single tone burst experiment and in-

dicates the repeatability of cw-SACER experiments. The successive tone

burst experiment can be compared with an expression for Aat developed by

Toong7 (see eq. (55)). At is the difference between at before and during

the reactions, where the tone burst is written as a decaying exponential,

Ao exp(-att). The expression for Aat includes the time derivative of the

temperature; this derivative can be calculated only for the multiple tone

burst experiment where a plot of AT versus time can be obtained using

eq.(67). Toong's expression predicts Aat to be 1.13 sec -1 at 210msec,

the observed value was 4.64 sec- 1. Although the amplification for the

single tone burst experiments cannot be easily compared with the theory

developed by Toong, the frequency dependence of amplification can be

compared qualitively. Fig. (14) indicates that higher frequencies are

amplified more, within the frequency range studied, as predicted by Gil-

bert's program. However, Ref. 7 states that amplification should be in-

dependent of frequency within this range. At this time, no reason is

given for the discrepancy between Toong's predictions, and our data and

Gilbert's computer program.

In addition to the tone bursts, unexpected signals were sometimes

observed. The signals were of two types. The first type was similar

to the tone bursts, except had fewer cycles. They were approximately

70 percent as large as the tone bursts, traveled with the same velocity,
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TABLE (5)

Time Dependence of cw-SACER Amplificationj

Mixture: 1-2-17 (Hz-C12-SF6)
Frequency: 2.5 kHz

Attenuation A
Time (is) (dB/cn) (dB/cm)

Before 1184

53 .0169 .0015

139 ---. 0015

190 .0159 .0025

1315 .0127 .0057

466 .0127 .0057

735 .0146 .0038
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,and sometimes decayed exponentially with the same attenuation coefficient.

At first we suspected that the oscillator was being triggered by electri-

cal noise associated with the lamps. However, the electrical noise hypo-

thesis was later disregarded after monitoring the oscillator output while

turning the lamps on.

The second type of unexpected signal appeared as a series of pulses

at unpatterned intervals; each pulse was itself a series of closed spaced,

positive and negative going spikes. The pulses varied in amplitude from

about the same size as the tone bursts to over ten times larger; their

width varied from about 1 to lCmsec. This type of signal was sometimes

observed at low Cl2 concentrations, but occurred frequently at higher Cl2

concentrations. The unexpected signals made cw-SACER experiments at higher

W C12 concentrations impossible because they completely masked the tone

bursts. Repeated testing could not reproduce either type of signal without

a reacting mixture in the tube. Therefore we suspect that they were both

true acoustic signals. Neither type of signal has been predicted or

experimentally observed before but could be the result of an instability.

Attenuation Measurements

During each attenuation experiment, a tone burst, produced by the

sending transducer, was allowed to propagate back and forth in the tube

while the amplitude was monitored with the receiving transducer. The ampli-

I tude of the first received tone burst was measured for different transducer

separations, giving the amplitude for various propagation distances. Fig-

ure (16) shows the results of a typical attenuation experiment; the

'. "', S% -. . .- , , , - ., . .- - . * -. .. . . . . .- . .- . .
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pressure amplitude is plotted, on a log scale, versus propagation dis-

tance. A straight line drawn through the points was used to calculate

the attenuation.

Attenuation measurements were conducted for a number of H2-SF6

and C12-SF6 mixtures, and for different pressures and frequencies.

Tables (6-10) show the results of these experiments.

A computer program developed by Shields2 3 was used to calculate the

attenuation due to vibrational relaxation by subtracting tube losses and

classical attenuation from the total attenuation. The excess absorption,

attributed to vibrational relaxation was used to determine vibrational

relaxation times for each mixture. The log of the relaxation absorption

per wavelength was plotted versus log(f/p) and the best straight line

with slope 1 was used with eq. (60) to determine the quantity (pT)71 for

each concentration of Cl2 and H2 in SF6 . Table (11) lists the vibrational

relaxation times; (pT) is pressure times the vibrational relaxation time

of a given C12-SF6 or H 2-SF6 mixture, (pT)m is pressure times the relaxa-

tion time for SF6 with only collisions with m allowed, see eq. (61). For

our experiments, m was either Cl2 or H 2 . (PT)m should be independent

of the concentration of species m, but, (pt) varies with concentration.
Additional measurements were taken to determine the reflectivity of

the transducers used in the cw system. A tone burst was propagated back

and forth inside the tube and monitored by the receiving transducer. The

first time the tone burst reached the receiver it had propagated down tiLe

tube once; the second time the tone burst reached the receiver it had

propagated down the tube three times and had been reflected twice; etc.

. .1
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TABLE (6)

Attenuation Experiment # Al
Gas Mixture 100% SF6

Pressure Attenuation
(Tort) (dB/cm)

Frequency
(kHz) _ 400 200 100 50 25

2.5 .025 .030 .044 .085 .131

4 .031 .059 .094 .163 .279

6.5 .063 .119 .203 .381 .629

10 .128 .228 .401 .802 1.28

16 .301 .542 1.23 2.04 2.73

25 .808 1.51 4.14 5.05

35 2.00 3.18 6.79 7.96 8.27

40 8.56 6.48 8.26 7.73

kit.,

5

.** .* *..**.T.
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TABLE (7)

Attenuation Experiment # AT3

Gas Mixture 20Z C12/80% SF6

Pressure Attenuation

Frequency (Torr) 
(dB/cm)

(k z) 400 200 100 50 25

2.5 .016 .028 .024 .079 .133

4 .035 .057 .096 .157 .265

6.5 .064 .105 .205 .320 .528

10 .139 .209 .368 .694 1.00

16 .319 .468 .984 1.51 2.28

25 .937 1.86 2.94 3.92

35 1.51 3.05 3.38 7.07 6.59

40 3.45 5.61 5.53 6.65 6.59

, Z

- •," -, , . , . .. - - ,- -. .•. ..- -.- . . -. ..- . . . ." 
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TABLE (8)I

Attenuation Experiment # AT6

Gas Mixture 50% C12/50% SF6

Pressure Attenuation

(Torr)(dB/cm)

(k_______z) ___ 400 200 100 50 25

2.5 .019 .027 -- ----

4 .05 .052 -- - ---

6.5 .06 .107 --

10 .12 .22 .35 .59 .89

16 .27 .47 - - - -- -

25 .67 1.26 - - - -- -

35-- -- - -- --- -- -

40 --- 4.7 6.07 7.29 4.85

3 -----. 048 .094 .15

5 -----. 11 .20 .35

20 ----- 1.74 2.07 2.43

50 ----- 6.98 7.29 4.85
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TABLE (9)

Attenuation Experiment # AT4
Gas Mixture 10% H2/90% SF6

ressure Attenuation

(Torr)(dB/ cm)r*Frequency

(kHz) 400 200 100 50 25

2.5 .011 .011 .034 .061 .064

4 .024 .034 .047 .077 .107

6.5 .020 .046 .076 .124 .197

10 .026 .071 .124 .222 .364

16 .058 .137 .251 .440 1.51

25 .142 .272 .535 2.29 1.56

35 .281 .478 1.26 2.09 4.00

40 .368 .725 1.60 3.48 3.81

'.I

-f
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TABLE (10)

Attenuation Experiment # AT5
Gas Mixture 20% H2/80% SF6

Pressure Attenuation

( Torr) (dB/cm)
Frequency

(kHz) 400 200 100 25 50

2.5 .021 .017 .033 .074 .041

4 .019 .028 .035 .097 .060

g6.5 .022 .033 .058 .158 .092

10 .033 .051 .095 .270 .158

116 .061 .101 .171 .550 .311

25 .138 .223 .340 3.05 .635

35 .202 .364 .594 3.06 1.11

140 .249 .390 .692 3.48 2.35
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TABLE (11)

Vibrational Relaxation Values -
For SF6, SF6-H2, and SF6-Cla

SF6  pt)X106  )'16  Average
Mixture sec 1 .atm-1  se~.t 1 seam

pure SF6 1.38 ±.24 1.38 ±2.4 7.25

20%Cl2 1.55 ±.34 2.25 ±.35 4.39
50%C12  1.85 t .30 2.30 ±.34

10%H2 7.25 ± 2.4 59.9 ± 24 0.179
20%H2  11.5 ± 3.9 52.1 ± 20

S 4a
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Inside the tube, the tone burst amplitude is given by Ao exp(-ax-nB)

where n is the number of reflections the tone burst had undergone and 8

is the reflection coefficient. Using a single transducer separation and

a mixture with known attenuation, the reflectivity, exp(-8) was calculated

for three pressures of pure SF6 ; 400, 200, and 100 torr (the frequency

used was 4kHz). For each pressure, the reflectivity was found to be 1.0

within experimental error (less than 1 percent). Therefore, attenuation

caused by reflections was not included in absorption calculations for

cw-SACER experiments.

r ~~~~~~~~~......'......-.....'' ":"" "":"" """""--".. "
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CHAPTER V

CONCLUSIONS AND SUMMARY

An experimental investigation undertaken to observe sound amplifica-

tion in a chemically reacting C12-H 2-inert gas has been described. A

pulsed SACER was constructed for preliminary study. Intense flash lamps

initiated the reactions which resulted in sound amplification for about

lOmsec. A gain of 1.8 at 2.5kHz was observed compared with a gain of 4

predicted by theory. This discrepancy has not been fully explained al-

though it may have been caused by an error in predicting the flash lamp

intensity.

Following the preliminary investigation, a more thorough study was

undertaken. This study included a broader range of frequencies and

initial conditions. During these experiments, low intensity fluorescent

lamps continuously dissociated molecular chlorine; the reactions progres-

sed for a longer time, resulting in observed amplification for over

800msec. The fluorescent lamps were more controllable than the flash

lamps, so more physical parameters could be varied; this made it possible

to note trends in the amplification data.

For the cw-SACER experiments, amplification increased with frequency,

the values at 6.5kHz were about 2.5 times larger than the values aL

1.0kHz. This agrees with predictions obtained with Gilbert's numerical

solution6, however, Toong7 states that amplification should be indepen-

dent of frequency within the range studied. The observed values for Am,

"
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were about 20 percent larger than Gilbert's program predicted, but this

difference might be explained by inaccurate determination of lamp intensity.

Toong has derived an expression for Aat7, the change in the attenuation

coefficient related to exponential decay with time, which predicts an

amplification only 25 percent as large as was observed. It is obvious

that the assumptions on which that derivation is based are not fulfilled

by this experiment.

A cw experiment was conducted which observed the time dependence

of amplification. *For the conditions chosen (CI2 :H2 :SF 6 ratio of

1:2:17 at i/3atm and a frequency of 2.5kHz) amplification increased

rapidly for the first 300msec, peaked at about 400msec, then started to

decrease. The temperature of the mixture followed a similar curve. As

the gas heats up most of the reaction rates increase, so it is not sur-

prising that amplification increases. A point is probably reached where

the supply of atomic H becomes depleted and reaction (64), a very exo-

thermic reaction, slows down to the point where more heat is lost through

the tube walls than is generated by the reactions.

For the cw experiments in which only one tone burst was sent down

the tube, amplification increased with C12 concentration. This is

expected because increasing the Cl2 concentration also increased the

amount of atomic Cl available for reactions (64) through (65).

Two types of unexplained signals were observed during the cw experi-

ments. Both appear to be real since they could not be duplicated without

a reacting mixture in the tube. The first type was similar in amplitude

to the tone bursts, traveled with the same speed, and sometimes decayed

1", -
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exponentially with the same attenuation coefficient. The second type

was much larger than the tone bursts and did not propagate back and

forth the tube. The second type was observed frequently when the C12

concentration was large or when the temperature was high.

It is clear that future studies of amplification in reacting systems

is merited. Both of our studies were hampered by the question of light

intensity within the tube. Perhaps a fiber optics probe could be used

to determine light intensity within the tube. Some measurements have

been made in our lab with a fiber optic probe positioned outside the

tube, but with little success. Two types of unexplained signals were

observed during the cw experiments. Since neither signal was theoreti-

cally predicted, a set of experiments should be conducted to determine

their origin. A type of chemical instability may be responsible. A

final suggestion for further study is to develop a system with flowing

gases so that the reactants are continuously renewed. Such a system

would allow signal averaging and thus lessen experimental error.

!i ....4 .
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APPENDIX A

COMPUTER PROGRAMS USED TO PREDICT AMPLIFICATION
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Program RICABS.F4
This program was used with Gilbert's computer programs to predict

sound amplitude for cw-SACER experiments. A similar program was used for

the pulsed SACER predictions.

ISM

'I'
I°

p?-
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DIMLNSI(1N AsIX(3)A(3)g01Or'(3)gBI'0L(3)
DIMENSIflN PBP(3) ,PBL3).BF1F.(3),I3F11(3),UT(b)
DIMENSION TY(30)

cc

S5ART?*(X ):DS(4PT(
CU5k ( X) rDOC.5(A)
S INF C,) uDS IN X)
EXPF(X)sDEXP CX)

N=79

DoJ 40M JI,#N
READCIO, 410) Y(J)D YI (J) ,YI2CJ),Y13CJ) ,Y22(J)

400 CONTINUE
410 FURMAT('SF)

CCC
I FaRf4AT(SD'4D)
2 FUPMATC2D)
100 FORMArCbH EIVuL)13.6#1X6H LlAuD13.6)
102 FUR14AT(4H T=DI2.5olX4H WOD12.5,MXH C8=012.SpIX3i CVzUI3.6)
103 FURMATC7H VIS zD12.5,7H PCMM)u~lZ.5#7H R(CM)xD12.5j4f1 FM=D12.5)
104 FUPIMATC7H TA+CAuD12.5,4H RA:012.5,1X6HWLCM)=012*5,SH FSVr-DI2.5)
105 FURMATCbX AC~IU12.4ocH ACzl.pX'RMz#l.#/
t06 FUPMAT(SH RAPD2.56l1 FSVP=Dl2.5flX6HALFAPfL12.5#6H VELP=D12.5)
107 FUPIAATC4H PWZDI2.5,SH RPU012.5t7h GANiAI~D12.50HI GAMAI=DI3.6)

*2X,*V(%)u.oF4.,2X'V/W',DIO.3,' /',F-6.0,/)
Wlel4b.
1i2m71.0
w3a2.fl
REI .23

C Rz1.27
ACSu1.
ACT3l.

cc
Sit 135.5 1
Sf4284. 40

8143:2.9

E0912200.9
EOK2=257.0
SN12w3Sm1+3M2) ,2*

5m23=CS142*SM3)/2.
&M13uCSI4I.8M3)/2.
E0K12uC(CtK1*EUK2)4.0.5

LOI(2JuCEOK20EOK3)**0.5
LOK13*(EOAV.*EOK3)**0.5
TABSuP.

RKADC7#665) FREW
TUraQ'(203.1416).i1000.
WRITEcSSe0) F

@so ropMAT(2X,'FREQa,710.,22X,'KHZ.,/)

$9 rRMAT3XTME:~bXTMP,4X 'AT ,2X'AMF' 4x, NEWAMP',S2'OAASXDIToXD/'/665.........
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CV193.O
CV222.5
C V 32. S
ColuI .5
C82=l .5
C8 321.5
READ(7,#'65) TI?4LTElIPPATMA4PF41,IM2,F'M3
AJ4PNEWSAMP
WFR~rE(8&800) TIt1ETLMPPATMA ';PAI1PNEWPTABS

800 FbpMAT(1XF8.5,F9.2o3F.34F9.5)
600 CONTINUF

OTIMEaTT4I
READ( 7#665#ENL).99) TI?:ErTLMh~PATM#AMlP,FMI,FM2,7M3
P 7 60.* ATMP
TzTEMD

TS23*T/E023

CALL SSFVAL(N,TS12,Y,YIIDSEVAL)

aMI 3u.EVAL
CALL SSEVALCN,TS12,YY1,.SEVAL)
0O412=SE VALI CALL qSEVAL(NfT512#YYI3#SEVAL)
OM22uoSEVAL
CALL .SEVAL(NrTS12#,Y22SEVAL)
01422mISEVAL
CALL SSEVAL(N,T6IY,Y22,SLVAL)
0142 22SE VAL

CALL PD(W1eWW2DTEMPDSM12,OM11,PPlDC1g2)oPRD(2gU))
C TYPE Q27,IFPDC1,2)
927 FORIAT(2X#'PHD(1,2)w',D12.5)

VVXS( 1)3260.93*10*.-7.*(W1*T)..0.5/(5ML.SMI.0N221)
VVIS( 2)u266 .93.10..-7..(W2*T)..0.5/ (SM22.sl 24014222i

C TYPF 937oVV14(2)
937 rOPIAT(2XVy15(2)u',D12*5)

;7C* TYPE 402fTSITSJTs12(JM11,0M221,U4222

cc40 roRI4ATC2X,6T9.3)

XX2u(MIIWI)+(t42/W2),(FM3/w3)

X2afM2/w2/XX
X3aF?43/w3/XX
WaXlowi*X2142,X30143

C TYPIL 447#XloX2pX3*FMI*FI'42#FN3
~iI947 FORtMAT(2Xv6(2X#012.5))

CVMXI*CVI *X2*CV2,X3*CV3
CO=X1*C@I X2*CB2,X30C$3
CALL SSEVAL CN.TS231TYYISEVAL)
(iMI 1uSEVAL
CAL1L SSEVAL(N,TS23,YY12#SEVAL)
OMI22SEVAL
CALL SSFVAL(NrT323*YfY13vSEVAL)
01 JuEVAL
CALL 3SEVAL(N#TS23*Y.*Y22#SEVAL)



76

0142 2=.EVAL
CALLd SS.VkLfNTS2#YfY22#SL.VALj
014221=SF2VAL
CALL SSEVALL(JDT63,YsY22oSkVAL)
OH222zSEVAL

CALL PL(W2,3TMP,SM23,OM11,PRUC21 3) ,PRD(3, 2))
VVIS(3)326c.93.1O4.-7.4(W3*.T)*.0.5/(5M3abM3.0M222)
CALL SSFVAL(N#TS13,YYlItbEVAL)
OtMI1USE VAL
CALL SSEVAL(NoTS13#Y,Y12#SEV&L)
0MJ7.=SEVAL
CALL SSEVAL(N,T413,Y,Yl3p5EVAL)
01413z5EVAL
CALL SSEVAL(NiT613,Y,Y22,bEVAL)
Ot422=SFVAL
CALL SSEVAL(M#T~leY,Y22SLVAL)
014221 SEVAL
CALL 8SEVAL(N,TS3*YY22#SLVAL)
042 22xSEVAL
CALL PD(W1,WJ.TEi.P,SM13,Ui4tiPFR(1, 3) dRD(31 1))

C CACULATIUN UF VISCOSITY FUR 3 GASES USING
C DIFFUSION CONSTANTS FOR TWO GA3S

XY(L)=Xl
XYC2)=X2
XY (3) X 3
WZC 1) wl
WZC2)uw2
WZ( 3)uw3
VISO0.
Do 990 I.1,3
PPDmO
Do 980 K.1,3
IF(I(.EG.1) GO TO 980
IPDaPPO + (1.365*XY(I)*XYCK).8.3144D3/(PHD(I,K).WZ(I)))

917 roRmAT(4D12.5)
C TIPE 433,PPD
C TYPE 917pXY(I),XY(K),PPD(I*K)fWZ(I)
980 CONTINUE

lf(XY(l).LT.1D-5).0 TU 990
VI~xVIS + (XYC)*2./(XY()..2./VVIS(I)+PD))

C TYPE 913,VIS,VVISCZ),PPD
913 F0RMA7(2X,'VlSx',iJ2.#'VVI5U',D12.5,'PPDE,#D12.5)
990 CONTINuIE
C TYPE 933#PPD
933 rORAT(2X,PpDu',D12.5)
C rYPE 939,VIS
930 rORZAT(2X#'VI3=',D12.5)
s0 CONTINUE

RT?430.31 44D7*T/W
ZHOTu3.34EP(16.7/T**.333333)
FMU(2.5.1.).1.25*1014000./V/ZPOT/(6.2U32.2.S)/1.
3RTMGwSORTFCRTM*( I.091.DO/CV))

CR WRITE3102)T#WoC8*CVUCR WRITE(3,103)V,P,FM
CR WRITE(3,105) ACS#ACT.SRT4G

ATU2.0O*3. 1416D0010000O0F
ATuf.760.0SuPT(CV.CVI.DO)/(C8.(C8,1.DO)))/(F4.P)

C TYPE 973,714

973 rORNA1(2Xo'FNU',tDl2,5)

am
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WL*SATMC/(F*1000. )/110.
PDNaI.3332C3*p

FTNU8.3144D7*T/W
YUouv*PTMIPDN

C~s7.t,92
ATImAr
PTSF6=7.*25E-7
PrCL2%4. 37E-7

JTH2ui .7@E-8
PT'4lXu .'(X1'PThTF6X2/PTCL2X3/PThi2)
AT2z7b0./P*PT4IX

c AT~m1.0E-5
c AT281.0ft9
C TYPE~ 467#ATItA12
967 FGftNA(2X'ATaPD12.52X'AT2=',t)12.5)

AF2:A7EAV
PAlaI .+ATIOATI
PA2I * ,AF2*ATZ,;T2

CVPaCA+CI/PAI+C2/PA2

CYAY2uCVR*CV!(tCVI*CVI
U))iuVUD*( I.DOt2.2500ECV./CVAV2)
U1Na-2 .2500*CVI/cVAY2.VOD

ASiiRRI .004C R/C VAV2
PSHI*-CVI/CVAV2

AO1U-8T*FSXR+AI) /A

AFARUAROAP*AI*AI
rFlsABReA'RR-AB 1*AB1.AF'AF*AP /AK~
rxm2.DO.ASP*ABZ-Af'*AF*AZ/APAR
rRIaSQRTF 7R~tR+FI*FI)

it GiuSQRTPC-(FPIFRVi2.U0)

dU TO 13
13GI.&QRTF(7RI-J.%)/2.OID0)

PL2aABRGP

-I 7LISABR-GP

R1'SsRV*PF
GISRIsLI *RFS

G2IRL*F
G2lrl*F

Io TP 00I~GS
Io TP 014S03

50 * N *C010



78

R~,aSRTMG*SRTMG/ (VuD~AT)
SwIGRzh1RIJ/VoD
801 GI U'IN/ vQc
BkT1RuGi St/GIG1-I5CR/PS
G15IARGI 3GISAV13XlG18I
SET118GtSR/GISAV8QIG/RW
G2$AVuG26P*G235i.G2S I* '23I
BkLT2PmG23I /G2SAV-5QIGR/RW

-~~ 5LT2 IaG2SP/G2SAV-S5QIGI/RW
FKPAuF /ATM
V?~nFXPA/FM
GZEROmI .D0+(I .D0/CV)
GINF*I .t*+(0.C 1L/CG)
CGxGZEROCI.D0.IFNOrN)/(1.DO+(UZLRU.FNFN/GI14FJ)
TLaCCG-I .DO)/CG
7bm(9.Dfl*CG.*I0)/4.D0
TY~uI3.3339D0*(t.DO/QF.TF(4.O)4TC*6chRTF(Tb) )'8QRTF(V)/R
TAsTK*SUJPTF(F/P)

FoVm8QRTFCP.3144D3*CG*T/W)

94 ORMAT(SF)
DELVUX*rSV.FSV* .001 832.300/8QRTF (F*P)II CAuC I.31333300.TC.TB).V.SQRTF(W/T)
CAuI4.106DO.CA.F'.F/(P.SQRTF(CG4CG*CG) )
PAsJ141.62DO*(CV-Cgj/&i0Rfl (CV+I.DO)e(CC+I.iD0)*CV*C8)
VEL U(FSv.OELV). I00.1)0

c TYPE '.40sVEL
TVEL

ALPi4AaRA+(TA#CA) I.SabD0
TCAS(TA+CA)'00o.
ALFAaALPHA
PC Au AL PH
PC IsAF/VEL
PC2RUPCR*PCR-PCI*PCI
PC212XZ.fO.PCP*PCI

Co WRITE(3.104) TCA#RAPWL#F8VU .7 ZlzuPZ2I-*F/YUD
ARARuSQTCPC2RPC2ReZII*'ZI )
AklRu-R*SQRTF( PC2PAJKAR)*.SDO)
ARIIuv'50Q?7C C-PC2PiARAR)*.5D0)
Z3RnPC2A-PL2

Z31wPC21-rZ2

AftjRvR*S0RTY( .SD0*'(ARZ3R))
AR.3ZuA*8QRTFC .5D0*CARAIA-Z3R))
Z2PaPC2A-PLI
Z2!uPC21-FZI
ARARuSQRTF(Z2R.Z2R+Z21*Z2I)

ARXCI3U ARM

ARXC2)w AA2R
&ILx( 3)mAwiSU
AIXCI)a APII
AIX(2)w AR21
AIX(3)sAR31
DO 30 Ju1.3
ARS ARX(j)

AZ. AItj)
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AA26LPTFCAIP*AF+AI*AI)
It (AA-6. 1, 19 f25

t9 CUS~sAR/AA
SINX=AI/AA
CUS2XUI .D0-2.VQ*SINX*SINX
SIN2XB2 .LOCObX.SINX
S1IUAA*SINX/2.D0
BIRUAA*CUSX/2.pO
FIM=AA/?.DO
DU 20 18100
x3 i
COSX*COSX*CUS2X-SINA.*SIN2X
SINXu*1 NXOC0SU.+CusFX.sIN2X W.
F1Ma.VlM*AAeAA/(4.*DE.XXI JO))
31 IRUCOSX*FI4
alRzB1R*81 IR
B1IIUsXNX*F1M

IF(FIM*F1m-.00O0oO0l)21, 21, 20
20 COJNTINUE
21 CUSXuARIAA

SINXBAIIAA
CUS2XsL .D0-2.D0*SINX.SIHX
SINd2Xs2 .D*C0SX*sINX
CCSXuCOS2X
SINXubIN2X
FQME.AA*AA/4.DO
80R~l .V4-AA*AA.Ca3X/4.DO
9012-AA*AA*SINX/4*DO
DU 22 Iz2.30
XaI
TO1m3.FOM*AA*AA/(~4.V0*X.X)
CUjSXPBCIOSX
CIUSXuCaSXOCDS2X-SINX*SxN2X
SIWXzSINXOC062X4CUSAP*SIN2X

B011urolM.SIX

901801+9011
IFCFONOFOM..0000000L) 23, 22,22

22 CURTINU:
23 GO To 2
25 ARN-AR

SRkZRwSQPTF( .SDO.(AA.AR))

1. SRZI*-SQPTF(.SDO*CAA-AR))

AA4aAA2*AA2AASA4A
AA6UAA4*AA2

d.7978S46DOOSRZR/AA
CII.-. w7973946U0*ShRZl/AA

A~RSARARPAXA2

ARCPOAR*APSR-AI.ARSZ

ARCRXARCPIAA
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AihClsAI*AIRSR+AR*AkSI
AjRC12APCI/AA

AihFR=AJFSR*ARSF.ARsr*A.Sl
A~rk*ARrp/AA

ARri*2.D0*APRPARSI
ARFINAPFI/AA

ArIPARFR*AJ%-APFI.A1
ARkPRuARP/1A

ARPISARrP*AZARFr*A.
* APPIXAPPI/AA

APRxflCR*ACR-ARCIAkCI
ARH~3ARNR/AA

Ah~Hli2.D*APCF.APCI
ARI=~ARHI/AA

CERIu1 .DO.117188w0.ARSP./AA2-.1442O*AP.rp/AA4
ClbP1uCbPt+.b7bS9279D0A.HI/AAo
CMII.-. t I7199DO.AiRSIAA2,.14420(O*AIRTI/AA4

43 CBlzuCSi I-.67b59279LD0.APHl/AA6
SEPll.3 7 00.Al/AA2-..10254D0ACI%/AA3-.27758IU0APP/AA5
SBII=u.37O.A~IAA2. 10254D*ACIAA3.2778IJaAPPI/AAS
AluC0SF(AP-2.35a19L'0)
A2sSINVtAP-2. 356195D0)

IF(AI.LT.40.) GU TO 201
Epul .oDa

201 IF(AI.GI.-40.) GO TU 202

GO Ta 203
202 PmEXPF(AI)

EN=EXPF(-AI)

203 CONJTINUE

3FR1uA2*(EP4Eh)/2.DO
SFIIUA1*CEP-EN)/2oP0

£UBClR.CHPI.CTI-CIP.CbIl*CFII-Clr*CDPI*CFII-C1I.CBII.CFR1
CBROuI .'0-.0703125D0.APSR/AA2+. l12152D0.AIhFR/AA4

CIIOu,."703t2500.AI31/AA2-.11I2t52L0*DJkFllAA4
CEI~uCMIO. .572S01Lo0*ARHl/AAb
5550u*. 125r)*AP/AA2+.073242D0.ARkCR/AA3-.227108D0.APP/AAS
5510s, 12500*kl/AA2e.073242DO*ARLI/AA3+.227 10$DO*ARPI/AA5I A5uCOSF AR-. 785398200)
A6=6IWNFCAR..70S3982D0)
CFP~OmA5'(tVEN~?) 2,D0
CFZ0s-A6*(EP-E4) /2.0I . SFPOsA6*(EP.Eh)/2.DO
sn!OmA5*(EP-MN/2.DO
B0RuC1R.CPIR0.C7?O-C1R*CB!0.CFIO-CI.CbRO.CFI0-ClI.*CBro.crRo
50RUS0OCIPSRO6FR,CRSB0*SF10+C1I.SBM0'5Fl4Ci*s8!0*sFfto
D01u-ClIoCBZ0.CrZ0.CJR.C3E0.CF!0,C1R.CBZ0.CFR0+C I*OCRRO*CFPO
SQOSSI.CI X*SBI0.&rIO-ClR.SBR0.5FZ0-ClP.S5I0.8FRO-ClI.SBPO.6FRO
sips-Big

U4 26 BFIR(JuRIPIF1j)l
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BFO1.CJ)SBOI

DlxBrOR(J).FiFOP(J).bfO! CJ)'L3701 ()
PBP(3)aCBFIR(J)*BFORCJ)+BF1CJ)B'OI(J))/DI

30 RD(~(flJ*FF()BI()BOC)/DI

DELTmuEL*4 .StDu(2 .DO-ACT) /ACT
DELTD.(SQIGR,3.5DO).(SQIGR3.5D)SQIISQIQI
DkLTRODELT.(SUIGR.C5QIG1k,3.5D0).5.dGI.SuIGI ) DELTD
DILT!OLT.(SUIGI*CbGXGR+3 .5DO) -SOIGRoSUaIGI) dDELTD

DIIll-DLSARI.R)4.A RIIBI()))

0121u-DELS*A? RR.SO1 Z1- I*6c12R

SV13PaRuC3TR8 C)-Ft1*I() )P/PA

Dl3I.SD3P*RI3)D13I*RAP2P
SlIRUlD R.'1I(D L*D121DLIS11
V121wuUIIR*21D11!.o1rEl*D2

D1IUoSDR*AR3ISD1I*R2

D2lRu1.V0-ILLS.(AR3R.RBRC3)-AR31iRBI(3))

D22RuI .fl-(DELTh4*L22R-DELTIeSD22I)
D22l-DELrR*SD221.DE:LTXCSD22R
ArFIAVEAP1P*ARIR+ARI ZeAPI!
SD23RuCBtT2R*RDR(i)-BLT2I*PBI(1) )*PP/ARLAV
SD2318ET2R*I81(1)-BLT21*PbP(1) )*PP/AP1AV
D23RmSD23RARPSbI3ei2'3uf2RAI1e8231AR IR

SD2RUDV~R*D23R-D221#D23I
SD2IUD22P*D23lD221*D23Rt
D2R*U2R*021R-5D21L,211
D2lu3D2IlI)21RiSL2R*D21 I
D3IRul.fl0-DELS.(AR2EeRBR(2)-AR21.RSI(2))
D31l1DL3.(AP2~kBIC2)Ak2l*RBh(2))
SD32RmAA3R*RBRtCJ)-AR31*RAI( 3)
Sto32ZaAP31*RBRC3)AR3R*RBI(3)
D32RuI .fl-CDLTRe*rD32R-DFLTIoSD321)
D32ju-DELTJ.SD32R-VELTR*sr 32!
8D33RaCPETIR.RBHCL)-BETIIePBI(l) )eRP/APIAY
SV33Ia(ETIRfRBZC1).BET1!'PBR(1) )*PP/ARIAV
D33RwARW P*SD33P+AR1Z*SD33I
D33IuARiR*3D331-ARZ.5O331(
SV3Ru333R*fl32XmD331*D32I
EC3luD33R*D321+D331.032R
D3R*3D3P~fl3lR-SD31*D31i
DKUOI331D31! 31D1

D3XUSl021*O31S3ID13 EIDIA

I181
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E1 LZL1 I

SL2JP:(AP3I*P.PPy(3.;AR3I.PLI(3))/FPI
3L2 3 JZ CA R3 I*P C ) +;P 3P*PL-I ( 3)/Pt

3f~a~i3e~ri~-,;.F23.L*b1.T21
t:3vE20 'il2iA 31.LLT2-

5L2LzL211I,*E12l+t.23I*E221-

F2lzE21m.SFZ1.r.2tl*6E2R

El.2 x:GlP*F;SEltl+L1

PC2PL8G$7 /RFS

PLPxut"TF( ,5I.0(C2PFAP'A)j)
PCPlz~wATF(C.50O*(-PC2PR+AP.AR)
VELPsAF'PCP'I
ALFAPSPCPN
EIVz(VELP-V.L)/YF.L
EIAu( ALFAP-ALPHA) /ALrlIA
VLUxVELP
ALPHAzALFAP
PC2FRuPC2PP
PC2Ispc2Py
IFCLlV.S'IV-.0oooooCl) 4lo40*40

40 GU TU 7
41 IF(EIA.PKIA-.00002S)43,42*42
42 Gu To7
43 PCVP*(VFLP-TV)/(DELV.100.)

GAMAIaSRTmG/VLLP
GAMARnALF AP*SRTl4G/AF
RAPa(ALrAP-(TA.CA) 'U.6S6)*(2./F4100u. )*(VLLP.DELV*100.)
ALFAPsALFAPOS.6b6*100,
POTeALFAF-TCA
ADFPWaDVA*F* 1000. *76O *P
ADruADFPW/WL

C* ACLDFUALFAP.ADr
C* VAPMuDBPI'-ACLDr
C* VOAP=VAPM. 100 * ACLDV

CO VAP'WuVAPM*WL
DLv(TlmraUTZME) eV&LP/1 00.
TDLnTDL*DL
DAUSUALFAP*DL
TAS5uTABSDAP6.
AMPhECWSAMP*0**-TAS/20.)
WRXTU96S00) TlZ.I,TLMF.,PAM,AMP,AhiPNEIh.TAI3STOL,ALrAP

c WRITE(3,t0b) RAPir3VP,ALFAP#VELP
C WRITZ(3,107. PWRPIGAMAR,GAMAI
CRC WRITE(3*308) f,LibPM#ACLI)T,ADF
300 FORMAC Fu',TS.1..3XMSm',09.3.3X,'CLIDFu,0D9.3,3X#,DI'u',D9.3)

C WR.Zfl(3108) F,DPPiN,VELP#VOAPIVAPWPFPA
GC; To 600

99 STOP
14D
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C...

SUBROUTINE VISDF(X1IX2D,'W1,W2ITDCVD VIs,DFA, DM1 1,Ml2, DM13,
1IP22,3M22l ,OM222,bM1,SM2,6M12.T31.T82,TS12)

IMPLICIT REAL*S (A-H#U-Z)
wt2a2.*vdl*W2/(WI+W2)

RF~eS.314407
%--j Ca(GM*PP*T/*i)...5

PATMuP/760.
C...
C*..

:1o TYPE 12#,r812

A312xu7M22/OMIL
8.12z( 5.*OM12-4.*UMi3)/jMI1

13 FRM~(2X'TS#TSZ1',fg.t/,X*'OMAA(2t2)1 ,OMAGA(2#2)2')

SOTIvSM41 'MI*uM221
SOTZU5M?62*,JM222

YVuOO0fl26693.(W2*T)...5/SOT2
c - CALCULATE$ VISCOSITY UF THE MIXTUR~EV2.O269c2T)./OT

V128.000026693.(W12.T)...5/50TI2
XVuX1*2./V1+2.X1.X2/vl2.X2..2./V2

YVu)1..2. 'VI*WI/W24XIX42/V12*(W14W2)/W12.y12..2./(VL.V2)

ZVuXI*.2.*WI/W2.g2.eXIOX2.( CWI+W2)/C2..W12).(V12/VI+y12/v2)-1 *)
ZV=ZV+X2**2 .*w2/wl
ZVu.6oASI 2*ZV
'JIS8Ct+ZV)/txv.yv)

C* TYPE 14,T,VIV2, VII
it24 FORMATC3X,'TCK)'e5X,'VIS(1)',5X,'VIS(2)',SX,'yIS*

Do/p2X*F7.2#3FlI.7/)
C - CALCULATES DIFFUSION TER.M -

PD12u.OO262H.(T..3./W12).5S/M128rA2*.q1 )

PL2m.00019991*CTiW2).. .5/b0T2
RtLI2u.0001969l.(T/W12)0../SaT12

UA*4.'AS 12/15*

UCB(WI-w2)**2./CWIOW2)
C

Ul8UA-U*l/W24UC/2*
U28UA-UB*W2/Wi + UCi'2.
UY*UAfCwt*W2)/( .5.W12)*RL12**2,/CRL.JRL2)
U~aUYtR-5./(32.eASI).(2.405512-S. ).UC

C
XLUXl*XI/RL1 +2.*Xl.x2/tL12 *X2*X2/kL2
Thu7.1*Xl*UllRLI *2.*xlX2UY/RL12 *X2*x2*U2/RL2Il(lw)(.W)K1/L (2W)(.WJU 1
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C TYPE 17#C#GM#IXKT

17 FURMXT(2X#'C..' RKT2 '*3D0113/)1~~2 DF=Xl.X2*G14.GM.Pr)12/C**2..( (W1-W2)/WM *( 1.-l./G;'4).RKT/cX1*X2) )*.2.
DI Az6.6%*2.*3. 1416..2./GM.DF
AVISsN.E686.2..3.14Ib*42./t M*(4./3.)4*VIS10OU./(PAT4atO130OO.)
ATWRaAV1S..75*(1.+2.25/t V).(GMi-1.)/Gm
ADFPKzDFA*100Q..760)./P

C TYPE 18# AVISPATHM#ADFPK
19 FORMAT(2X#IAVIS, ATHI4 & ADFPK(Db/WL/KhZ) :'#3V11.3///)

RETURN
END

C**.
SUBRO11TINE SSEVAL(N#U#Y*YY*SEVAL)
IMPLICIT REAL*8 (A-HU-Z)
INTEGFR NJ

C DIMENSIfnw Y(N),YY(N)

INTEGER I#J,I(
DATA 1/1/
IF(1ShE.N) 1=1* IF(tJ.LT.Y(I)) GO TO 10
ZF(U.LF.Y(I*1)) GU TV 30

20 Ka(I+J)/2
IF(U.LT.YCK)) 33K
IF(U.(;E.Y(K)) ZuK
IF(J.k7..11) GO TO 20

C
30 DY*U-Y(t)I DILYYaYYCI+1)-YYCI)

DELYaYC I.1)-Ytl)
SEVALaYT (I) +DY*DE&.YY/DELY
PLTURN
ENDO

C END OF SEVAL.
SUBROUTINE PD(WI ,W2.TEt4PSl12,OMIIPL1, PD?)

C PD CACIJLATES PDCPRESbUFEE.O1TFUbIUN CONSTANT) FUR BINARY
CGAS MIXTUR.E

IMPLICIT REAL*6CA-HOaZ)

PDlao.002628.LTLMPO*3.*(W14.W2)/(2.eh14W2))..0.5/(5M12.**.U4UMII)
PD2*PoI
PETUR14

END

C N rP
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Program DAN1O.DT

This program is an input data file for program RICABS.F4. it lists

various action integral values for different vibrational temperatures.

L im a-=-.* ~ 'Y;V*~'*~&~A
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O.30 2.662 2.256 1.9o2 275

0.35 2.476 2.074 1795 2.6280.40 2.318 1.93! 1:603 2.4920.45 2.184 1.809 2.556 2.3680.55 2.006 1.705 1.468 2.257
5 1.966 1.618 1.396 2.1560.60 1.877 1.543 1.336 .0650.65 1.798 1.479 1.265. 1.9820.0 1.729 1.423 1.242 1.9080.75 1.667 1.375 1.205 1.R41O.RO 1.612 1.332 1.172 1.7800.85 1.562 1.295 1.144

1. 17 1.261 1.119 1.6750.q5 1.476 1,.231 1.096 10629
1,00 1*43? 1.204 1.076 315671.05 1.406 1.179 1,058 1,5491.0 1.375 11571.54

1.155 1.4 .1
1,15 1.346 1.137 1.027"4 1.4821.20 1,3 0 1.119 1-013 1.452
1.25 1.296 1.102 1.000 1.424I 
1.30 1.273 1.066 .9887 1,39q1.35 1.253 1.072 .978 1.3751.40 1.233 1.059 .9680 1,3531.45 1.215 1.046 .958 13331.50 1.198 1.034 .9502 1.3141.55 1,182 1.023 .9420g ~ ~1.65 1.5 ..0 .72 129t41.60 1.167 1.013 .9345 1.279
1.65 1.153 1-004 .9272 1.2b4
1,70 1.140 .9947 .9205 1.2481.75 1.128 .960 .9142 1.234180 1.116 .9780 .9082 1,2211.85 1.105 .97 7 ,9023 1.209
1.90 1.094 .9633 .8968 1.197lq5 1.084 .9567 .8917 1.1862.00 1075 .9500 .8867 1.1752.10 1.057 .9380 .8775 1.1562.20 1.041 .9267 .8688 1.1382.30 1:026 91,7 :8612 1.122
2.40 1012 .9073 8539 1107

.250 09996 .8987 .0470 .0932 ,6i .9878 .8907 .8407 1,0022.7 .9770 .8833 .8347 1.0692.8 .9672 .8767 .8290 1.0582.9 .9S76 .8700 .8237 1.0493.0 .9490 .8640 .8187 1.0393 1 .9406 8580 81383.2 9328 .8520 .8093 1.022
3.4 9256 .8473 .8049 1.0143.5 .9186 .8420 .8007 1,007.9120 .8373 .7967 .99993.6 .9098 .8327 .7929 .993237 .899 .8287 7892 .99703.8 .8942 .8240 .7857 .99113.9 ,8888 .8200 .7922 .97554.0 .8836 .81*7 .7790 .97004.1 .8788 .0127 .7758 .96494.2 .6740 .6093 .7727 .9600
4:3 8694 09060 .7697 95534.4 o8652 .8027 .7668 .9507.8610 .7993 .7640 .9464

.3. 
.. 

"
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4.6 .8568 .96 .63
4,7 ,0530 .7933 .7613 .94 2

4 ,. x5 0 7 3 .7 5 6 5 ° 3 2

.8492 . 7560 .9343
4,9 8456 .773 .753 93055.0 842? .?747 .7510 .92696.0 .1124 .7607 .7295.0 7896 .7420 .7120 .8727. .7712 .72 .6973 .8538
9.0 ,7556 .7127 .6847 .8379O, 7424 *7013 .6735 .8242
20. 6640 .6293 .6040 .743230 , .6232 .5909 .5680 7005
40. ,5 0 ,$ 5
o. 56 .5 432 .o718.57596 5459 .5248 .6504

70. .5596 .5307 .5100 s633%
7o . 5464 .518! 

.4980 
.6194S. ,5352 .5075 .4078 .607690, .5256 .4984 .4790 .59730 .5170 .4903 .4713 .5882

.a'..?

-t --a ' . L. 

J...
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APPENDIX B

ELECTRONIC EQUIPMENT BUILT IN OUR LAB FOR cw SYSTEM
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I
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Isolated relay
output - does not

Microreed Relay share ground with
(Gordos 831A1) input circuit

Circuits
input0: Slats
from tto--:

Buffer H 300 Volt
Circuit- 0 Filament

I C
I
I Relay Circuit for Starting Flourescent Lamps

I
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C RI1 A

C V
Ri. 2 2 Ohm

12 I Ohm

C 4 lId

V1  Bias Voltage

Vout Transducer Voltage

Voltage Adder for iv System Transducers
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